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Germ cells ensure reproduction and heredity. Inmice,
primordial germ cells (PGCs), the precursors for sper-
matozoa and oocytes, are induced in pluripotent
epiblast by BMP4 and WNT3, yet the underlying
mechanism remains unclear. Here, using an in vitro
PGC specification system, we show that WNT3
induces many transcription factors associated
with mesoderm in epiblast-like cells through
b-CATENIN. Among these, T (BRACHYURY), a clas-
sical andconservedmesodermal factor,wasessential
for robust activation ofBlimp1 andPrdm14, twoof the
germline determinants. T, but not SMAD1 or TCF1,
binds distinct regulatory elements of both Blimp1
and Prdm14 and directly upregulates these genes,
delineating the downstream PGC program. Without
BMP4, a program induced by WNT3 prevents T from
activating Blimp1 and Prdm14, demonstrating a
permissive role of BMP4 in PGC specification. These
findings establish the key signaling mechanism for,
and a fundamental role of a mesodermal factor in,
mammalian PGC specification.
INTRODUCTION
In most multicellular organisms, the germ cell lineage ensures an
enduring link between generations by giving rise to spermatozoa
and oocytes, which unite to form zygotes for the generation of
new individuals. The specification of primordial germ cells
(PGCs), the precursors for spermatozoa and oocytes, during
development is therefore essential for the perpetuation of any
given species. Across the animal kingdom, there are two known516 Developmental Cell 27, 516–529, December 9, 2013 ª2013 Elsevmechanisms for PGC specification: one is through induction of
pluripotent cells by signaling molecules (‘‘epigenesis’’), and the
other is through inheritance of preformed germline determinants
in oocytes (‘‘preformation’’) (Extavour and Akam, 2003; Johnson
et al., 2011; Saitou and Yamaji, 2012). Evolutionary studies have
shown that the former is ancestral to the metazoans and is a
more widespread mechanism, whereas the latter is a derived
mechanism that has arisen at multiple times during evolution
and may have helped enhance speciation (Extavour and Akam,
2003; Johnson et al., 2011).
The germ cell lineage in mice, and presumably in all mammals,
including humans, is specified through the epigenesis mecha-
nism. Recent studies have shown that the germ cell fate in
mice is induced in epiblast cells in response to bone morphoge-
netic protein 4 (BMP4) signaling from extraembryonic ectoderm
(ExE) (Lawson et al., 1999; Ohinata et al., 2009; Saitou et al.,
2002). Accordingly, BMP4 directly signals the most proximal
epiblast cells through SMAD1/5 from around embryonic day (E)
5.5–5.75, leading to the activation of Blimp1 and Prdm14, two
of the PR-domain-containing transcriptional regulators essential
for PGC specification (Ohinata et al., 2005; Vincent et al., 2005;
Yamaji et al., 2008), from around E6.0 and E6.5, respectively
(Ohinata et al., 2009; Yamaji et al., 2008). Meanwhile, WNT3,
which starts to be expressed from around E5.75 at the posterior
visceral endoderm (VE) and epiblasts (Liu et al., 1999; Rivera-
Pe´rez and Magnuson, 2005), is required for the epiblast cells
to acquire responsiveness to BMP4 to express Blimp1 and
Prdm14 (the ‘‘competence’’ for PGC specification) (Ohinata
et al., 2009; Tanaka et al., 2013). Importantly, nearly all the
epiblast cells at around E6.0 cultured ex vivo essentially with
BMP4 go on to form PGC-like cells, which bear the capacity to
contribute to spermatogenesis and to fertile offspring (Ohinata
et al., 2009). The precise mechanism by which BMP4 and
WNT3 signaling induce germ cell fate in epiblasts, however, re-
mains unknown, mainly due to the limited amount of materials
available from early embryos at relevant stages.ier Inc.
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Figure 1. Restoration of BV Induction in Wnt3 Mutants by WNT3A
(A) BV induction in Wnt3+/+ and Wnt3/ epiblasts at E6.0 stimulated as indi-
cated for 36 hr. The numbers of BV(+) epiblasts/analyzed epiblasts were
shown in BV panels. BF, bright field. Scale bar, 100 mm.
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DevelopmIt has recently been reported that mouse embryonic stem
cells (ESCs)/induced pluripotent stem cells (iPSCs) are induced
into pregastrulating epiblast-like cells (EpiLCs) by activin A and
basic fibroblast growth factor (bFGF) and that the EpiLCs are
induced, essentially by BMP4, into PGC-like cells (PGCLCs)
with capacity both for spermatogenesis and oogenesis (Hayashi
et al., 2011, 2012). The induction of ESCs into EpiLCs and then
into PGCLCs is a robust process and recapitulates the PGC
specification pathway in genome-wide gene expression and
epigenetic dynamics (Hayashi et al., 2011, 2012), creating an
opportunity to analyze the mechanisms underlying PGC specifi-
cation/development in a more comprehensive manner in vitro.
On the basis of this in vitro system, we here examined the mech-
anism by which the BMP4 andWNT3 signaling induces the germ
cell fate on epiblasts/EpiLCs. We have identified a decisive role
of T (also known as Brachyury), a classical mesodermal factor
(Herrmann et al., 1990; Naiche et al., 2005), in directly activating
the mouse germline determinants, Blimp1 and Prdm14, for PGC
specification.
RESULTS
Wnt3 Mutants Restore the Competence for PGC
Specification by Exogenous WNT Activity
To explore the mechanism for PGC specification downstream
of the BMP4/WNT3 signaling, we first examined whether Wnt3
homozygous/ mutant epiblasts may restore the potential for
PGC specification by exogenous WNT activity. We isolated
Wnt3wild-type+/+ and homozygous/mutant epiblasts bearing
the transgenes expressing membrane-targeted Venus under the
control of Blimp1 regulatory elements (Blimp1-mVenus; BV)
(Ohinata et al., 2008) at E6.0 and cultured them in GK15
(Glasgowminimum essential medium plus 15% knockout serum
replacement [KSR]) and leukemia inhibitory factor (LIF) (Hayashi
et al., 2011; Ohinata et al., 2009) in the presence of BMP4.
Consistent with our previous observation (Ohinata et al., 2009),
Wnt3+/+ epiblasts showed significant BV expression at 36 hr in
response to BMP4, whereasWnt3/ epiblasts did not, confirm-
ing the requirement ofWNT3 for PGC specification (Figure 1A). In
contrast, when WNT3A was provided together with BMP4,
Wnt3/ epiblasts showed clear BV at 36 hr (Figure 1A), demon-
strating that Wnt3/ epiblasts at E6.0 recover the capacity for
PGC specification with exogenous WNT3 activity.
To dissect further the mechanism by which the BMP4/WNT3
signaling specifies PGCs, we decided to exploit the ESC-based
in vitro PGC specification system (Hayashi et al., 2011, 2012).We
derived Wnt3+/+ and Wnt3/ ESCs bearing the BV transgenes
under the 2i [inhibitors for mitogen-activated protein kinase
kinase (PD0325901) and glycogen synthase kinase 3(B) Scheme for evaluation of the effect of cytokines on PGCLC formation
in vitro. Non, no cytokine other than LIF.
(C) BV induction in Wnt3+/+ and Wnt3/ EpiLC aggregates stimulated as
indicated for 36 hr. The numbers of BV(+) EpiLC aggregates/analyzed
aggregates were shown in BV panels. Scale bar, 100 mm.
(D) qPCR analysis of the expression levels of Blimp1 and Prdm14 in Wnt3+/+
and Wnt3/ EpiLC aggregates stimulated as indicated for 36 hr. The DCt
(threshold cycle) values from the averageCt values ofArbp andPpia are shown
with SDs (log2 scale, the mean value of two independent experiments with two
technical replicates).
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Figure 2. Intact BMP4-SMAD but Impaired WNT3-b-CATENIN Signaling inWnt3 Mutant EpiLCs
(A) Western blot analysis for b-CATENIN, SMAD1, and phosphorylated (p) SMAD1/5/8 expression in whole lysates of Wnt3+/+ and Wnt3/ EpiLC aggregates
stimulated as indicated for 12 hr. Expression of a-TUBULIN is shown as a loading control. A representative image of two independent experiments.
(B) Left: Western blot analysis for b-CATENIN and pSMAD1/5/8 expression in the nuclear or cytoplasmic fraction of Wnt3+/+ and Wnt3/ EpiLC aggregates
stimulated as indicated for 12 hr. Histone H3 and a-TUBULIN were used as markers for nuclear and cytoplasmic protein, respectively. A representative image of
two independent experiments. Right: Quantification of the nuclear b-CATENIN level ofWnt3+/+ andWnt3/ EpiLC aggregates stimulated as indicated for 12 hr,
as shown in the left panel. The mean values of two independent experiments are shown with SDs.
(C) qPCR analysis of the expression levels of Id1, Id3, T, and Axin2 inWnt3+/+ andWnt3/ EpiLC aggregates stimulated as indicated for 12 hr. The DCt values
from the average Ct values of Arbp and Ppia are shown with SDs (log2 scale, the mean value of two independent experiments with two technical replicates). An
asterisk indicates that the Ct values were detected in only one biological replicate.
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T Specifies Mouse Germ Cell Fate(CHIR99021)] plus LIF condition (Hayashi et al., 2011; Ying et al.,
2008). When BV: Wnt3+/+ ESCs were induced into EpiLCs and
then cultured as floating aggregates (2,000 cells) with BMP4
in GK15 plus LIF, they exhibited robust BV indicative of the onset
for PGCLC specification at 36 hr (Figures 1B and 1C). Note that
endogenous Wnt3 becomes upregulated during ESC-to-EpiLC
differentiation and during PGCLC induction (Hayashi et al.,
2011; Nakaki et al., 2013). In contrast, as in the case of the
Wnt3/ epiblasts, floating aggregates derived from BV:
Wnt3/ EpiLCs did not show BV in response to BMP4, yet
they exhibited strong BV in response to BMP4 and WNT3A
(Figure 1C). These findings indicate that the in vitro PGC specifi-
cation system recapitulates the development of not only the
wild-type but also the Wnt3/ mutant embryos, providing a
basis for further mechanistic investigation. We measured the
expression levels of Blimp1 and Prdm14 in whole floating aggre-
gates of BV: Wnt3+/+ and Wnt3/ EpiLCs stimulated by BMP4
or by BMP4 and WNT3A at 36 hr by quantitative PCR (qPCR).
This revealed that BV: Wnt3/ EpiLCs express neither Blimp1
nor Prdm14 in response to BMP4 but express both genes in
response to BMP4 and WNT3 at levels comparable to those in
BV: Wnt3+/+ EpiLCs stimulated by BMP4 (Figure 1D). Thus, like
Wnt3/ epiblasts, Wnt3/ EpiLCs restore the capacity for
PGCLC specification with exogenous WNT3 activity.518 Developmental Cell 27, 516–529, December 9, 2013 ª2013 ElsevWnt3–/– EpiLCs Show Intact BMP4-SMAD but Impaired
WNT3-b-CATENIN Signaling
We next examined whether the BMP4-SMAD and WNT3-
b-CATENIN pathways, the canonical signal-transduction path-
ways downstream of BMP4 and WNT signaling, respectively,
function in Wnt3+/+ and Wnt3/ EpiLCs. We induced BV:
Wnt3+/+ and BV: Wnt3/ EpiLCs into floating aggregates with
or without BMP4 or with BMP4 and WNT3A and examined the
levels of phosphorylated SMAD (pSMAD1/5/8) and b-CATENIN
in whole lysates under each condition at 12 hr. Both Wnt3+/+
and Wnt3/ aggregates exhibited upregulation of pSMAD1/5/
8 in response to BMP4 or BMP4 and WNT3A, and both aggre-
gates expressed b-CATENIN at a similar level under all condi-
tions (Figure 2A). We then examined the levels of pSMAD1/5/8
and b-CATENIN in nuclear and cytoplasmic fractions of the
induced aggregates. In response to BMP4, the Wnt3+/+ and
Wnt3/ aggregates showed a similar level of pSMAD1/5/8 in
the nuclear fractions, but the Wnt3/ aggregates exhibited
a much lower level of nuclear b-CATENIN compared to
the Wnt3+/+ aggregates (Figure 2B). However, the nuclear
b-CATENIN of theWnt3/ aggregates was restored in response
to BMP4 and WNT3A (Figure 2B). In good agreement, qPCR
analyses revealed that, in response to BMP4, the Wnt3/
aggregates upregulated Id1 and Id3, representative targets ofier Inc.
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Figure 3. b-CATENIN as a Key Effector of WNT3 Signaling for PGC Specification
(A) BV (green) expression in b-Catenin+/+ and b-Catenin/ embryos (sagittal confocal section, anterior to the left) at the ES (E6.5, left) and LS (E7.0, left)
stages. DAPI (white) staining and merged images are shown. Note that b-Catenin/ embryos bear BV in the visceral endoderm but lack it in PGC precursors
(arrowheads). Scale bar, 100 mm.
(legend continued on next page)
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Developmental Cell
T Specifies Mouse Germ Cell FateBMP4-SMAD signaling (Ho et al., 2011; Korchynskyi and ten
Dijke, 2002; Lo´pez-Rovira et al., 2002), at levels similar to those
of the Wnt3+/+ aggregates but failed to activate T and Axin2,
representative targets of WNT-b-CATENIN signaling (Arnold
et al., 2000; Jho et al., 2002; Yamaguchi et al., 1999). Impor-
tantly, the Wnt3/ aggregates activated T and Axin2 in
response to exogenous WNT3A (Figure 2C), demonstrating
that Wnt3/ EpiLCs bear intact and impaired BMP4-SMAD
and WNT3-b-CATENIN signaling, respectively, the latter of
which is recovered by exogenous WNT3A.
b-Catenin Downstream ofWnt3 Is Required and
Sufficient for the Competence for PGC Specification
Genetic and ex vivo culture experiments have shown that
SMADs are key downstream effectors of BMP4 signaling for
PGC specification (see Saitou and Yamaji, 2012 for review), yet
the role of b-CATENIN in PGC specification has not been
clarified. We therefore examined whether b-Catenin is critical
in PGC/PGCLC specification. b-Catenin/ embryos have
been reported to fail to undergo anterior-posterior axis formation
and to form mesoderm, leading to embryonic lethality at around
E7.5 (Haegel et al., 1995; Huelsken et al., 2000). We generated
b-Catenin+/ mice bearing the BV transgenes and examined
the BV expression in b-Catenin/ embryos to find that
b-Catenin/ embryos do not show BV expression in the regions
involved in PGC specification (Figure 3A). We therefore isolated
BV: b-Catenin+/+ and BV: b-Catenin/ epiblasts at E6.0 and
examined whether they expressed BV in response to BMP4
or to BMP4 and WNT3A. Unlike b-Catenin+/+ epiblasts,
b-Catenin/ epiblasts, which were fragile possibly due to their
reduced cell adhesion activity (Haegel et al., 1995; Huelsken
et al., 2000), did not show BV in response to BMP4 or BMP4
and WNT3A (Figure 3B). We derived BV: b-Catenin+/+ and BV:
b-Catenin/ ESCs and examined whether BV: b-Catenin/
EpiLC aggregates expressed BV in response to BMP4 or
BMP4 and WNT3A. The BV: b-Catenin/ EpiLC aggregates,
which were also fragile, did not show BV in response to BMP4
or BMP4 and WNT3A (Figure 3C). These findings suggest that
b-Catenin is an essential downstream effector ofWNT3 signaling
for PGC/PGCLC specification.
We examined whether b-CATENIN is sufficient for the com-
petence for PGCLC specification as a downstream effector of
WNT3. We established BV: Wnt3/ ESCs expressing a con-
stitutively active form of b-CATENIN (in which four serine/threo-
nine residues targeted for phosphorylation by GSK3 are mutated
into alanine) fused with the ligand-binding domain of the gluco-
corticoid receptor (GR) (BV:Wnt3/: ca-b-CATENIN-GR ESCs)
(Ogawa et al., 2006; Shimosato et al., 2007): ca-b-CATENIN-
GR was expected to translocate into the nucleus and function
as a transcriptional regulator upon administration of dexametha-(B) BV induction in b-Catenin+/+ and b-Catenin/ epiblasts at E6.0 stimulated a
shown in BV panels. BF, bright field. Scale bar, 100 mm.
(C) BV induction in b-Catenin+/+ and b-Catenin/ EpiLC aggregates stimulate
aggregates were shown in BV panels. Scale bar, 100 mm.
(D) BV induction in BV: Wnt3/: ca-b-CATENIN-GR EpiLC aggregates stimulat
aggregates were shown in BV panels. Scale bar, 100 mm.
(E) qPCR analysis of the expression levels of T, Axin2, Blimp1, and Prdm14 in B
36 hr. The DCt values from the average Ct values of Arbp and Ppia are shown w
technical replicates). An asterisk indicates that the Ct values were detected in on
520 Developmental Cell 27, 516–529, December 9, 2013 ª2013 Elsevsone (Dex). We induced BV:Wnt3/: ca-b-CATENIN-GR ESCs
into EpiLCs and generated floating aggregates with or without
cytokines/Dex. BV: Wnt3/: ca-b-CATENIN-GR EpiLCs did
not show BV in response to BMP4, to WNT3A, or to Dex at
36 hr but did show BV in response to BMP4 and WNT3A
and, importantly, to BMP4 and Dex at 36 hr (Figure 3D).
qPCR analyses revealed that the floating aggregates of ca-
b-CATENIN-GR EpiLCs upregulated T and Axin2 specifically
in response to WNT3A or Dex, and Blimp1 and Prdm14 in
response to BMP4 and WNT3A or BMP4 and Dex (Figure 3E).
These data indicate that b-CATENIN acts as a key downstream
effector of WNT3 in EpiLC aggregates and that the parallel func-
tion of the BMP4-SMAD and WNT3-b-CATENIN pathways is
essential for the activation of Blimp1 and Prdm14 in the epi-
blasts/EpiLCs.
Gene Expression Dynamics Downstream of BMP4 and
WNT3 Signaling
If Blimp1 and Prdm14 are the direct targets of the BMP4-SMAD
and WNT3-b-CATENIN pathways, these genes should be upre-
gulated rapidly in EpiLC aggregates upon BMP4/WNT stimula-
tion. To explore this possibility, we determined the dynamics of
Blimp1 and Prdm14 upregulation in wild-type EpiLC aggregates
upon BMP4 stimulation by qPCR. Both Id1 and T, direct targets
of BMP4 and WNT3 signaling, respectively, were highly acti-
vated 12 hr after BMP4 stimulation (Figure 4A). In contrast,
Blimp1 was activated gradually, exhibiting the highest level of
upregulation between 24 and 36 hr after BMP4 stimulation,
and interestingly, Prdm14 activation occurred only after 24 hr
of BMP4 stimulation (Figure 4A). These findings suggest that
Blimp1 and, in particular, Prdm14, would be activated second-
arily by some of the direct targets of the BMP4-SMAD/WNT3-
b-CATENIN signaling.
To explore such candidates, we performed microarray
analysis of the genes activated by the BMP4/WNT3 signaling
in Wnt3+/+ and Wnt3/ EpiLC aggregates (Figure 4B). We
selected genes that (1) are upregulated inWnt3+/+ EpiLC aggre-
gates in response to BMP4 (Figures 4Ci and 4Cii; Figures S1Av
and S1Avi available online), (2) show expression-level differ-
ences between Wnt3+/+ and Wnt3/ EpiLC aggregates in
response to BMP4 (Figures 4Ciii and S1Avii), and (3) are upregu-
lated in Wnt3/ EpiLC aggregates in response to BMP4 and
WNT3A but not to BMP4 (Figures 4Civ and S1Aviii), at 12 hr
and 24 hr after cytokine stimulation, and we ranked the genes
in the order of the sum of the gene expression differences of
the four criteria. Among the top-ranked genes, we identified tran-
scriptional regulators such as T, Sp5, Evx1, Eomes, Hoxa1,
Nkx1-2, Mrg1, Msx2, Rreb1, Zmat5, Hoxb1, and Sp8, whose
expression has been associated with nascent mesoderm forma-
tion (Kurimoto et al., 2008; Pfister et al., 2007) (Figures 4C ands indicated for 36 hr. The numbers of BV(+) epiblasts/analyzed epiblasts were
d as indicated for 36 hr. The numbers of BV(+) EpiLC aggregates/analyzed
ed as indicated for 36 hr. The numbers of BV(+) EpiLC aggregates/analyzed
V: Wnt3/: ca-b-CATENIN-GR EpiLC aggregates stimulated as indicated for
ith SDs (log2 scale, the mean value of two independent experiments with two
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Ranking Gene Name probe set i ii iii iv Score
#1 T 1419304_at 5.54 5.6 5.31 5.47 21.92
#2 Sp5 1422914_at 5.22 5.28 5.04 4.71 20.25
#3 Evx1 1421627_at 4.9 4.96 5.2 5.1 20.16
#4 Tnfrsf19 1448147_at 4.04 3.96 5.04 4.95 17.99
#5 Cxx1c 1450080_at 4.75 4.52 3.88 3.81 16.96
#6 Wnt8a 1422228_at 2.88 4.94 4.25 4.4 16.47
#7 5730457N03Rik 1430678_at 3.48 4.1 4.2 4.39 16.17
#8 Eomes 1435172_at 4.07 3.86 3.53 3.62 15.08
#9 Hoxa1 1420565_at 2.8 3.92 3.23 3.89 13.84
#10 Nkx1-2 1422050_at 2.44 2.56 3.93 4.17 13.1
#11 Mrg1 1417129_a_at 2.96 3.72 2.75 3.58 13.01
#12 Fgf8 1451882_a_at 3.52 3.97 2.69 2.58 12.76
#13 Efemp1 1427183_at 3.08 2.91 3.09 3.25 12.33
#14 Rspo3 1455607_at 2.59 3.77 2.86 2.93 12.15
#15 Msx2 1449559_at 3.46 3.35 2.87 2.29 11.97
#16 Mogat2 1455099_at 3.1 3.49 2.47 2.74 11.8
#17 Nrxn1 1454691_at 2.86 3.38 2.46 2.92 11.62
#18 Rreb1 1428657_at 3.34 3.21 2.17 2.83 11.55
#19 Zmat5 1436141_at 2.46 3.82 2.53 2.7 11.51
#20 Axin2 1436845_at 2.64 2.49 3.14 3.14 11.41
#21 Hoxb1 1453501_at 3.02 3.53 2.34 2.48 11.37
#22 Ephx2 1448499_a_at 2.65 2.78 2.5 3.19 11.12
#23 Pdgfa 1418711_at 3.11 3.26 2.45 2.25 11.07
#24 Efnb1 1451591_a_at 2.28 3.86 2.22 2.42 10.78
#25 Grrp1 1429843_at 3.06 2.35 2.86 2.02 10.29
#26 Sp8 1440519_at 2.45 2.43 2.65 2.57 10.1
#27 Pcdh7 1449249_at 2.1 2.01 2.61 2.23 8.95
#28 2510009E07Rik 1428097_at 2.11 2.05 2.26 2.24 8.66
Figure 4. Gene Expression Dynamics Regu-
lated by BMP4 and WNT3 Signaling
(A) qPCR analysis of the expression levels of T, Id1,
Blimp1, and Prdm14 in wild-type EpiLC aggre-
gates stimulated by BMP4 at 12, 24, and 36 hr. The
DCt values from the average Ct values of Arbp and
Ppia are shown with SDs (log2 scale, the mean
value of three independent experiments with two
technical replicates). One and two asterisks indi-
cate that the Ct valueswere detected in only one or
two experiments with three biological replicates,
respectively.
(B) Scheme for the sample collection for micro-
array analysis of genes regulated by BMP4 and
WNT3 signaling. Wnt3+/+ and Wnt3/ EpiLC
aggregates were stimulated as indicated, and their
gene expression was analyzed at 12 hr, 24 hr, and
36 hr of stimulation.
(C) Scheme for the screening of genes immediately
upregulated by the BMP4/WNT3 signaling (12 hr
after cytokine stimulation). The genes differentially
expressed between samples indicated by double-
headed arrows (i, ii, iii, and iv) were identified (left)
and ranked (at right) in the order of the sum of the
gene expression differences (log2 scale) of the four
criteria.
(D) Gene expression dynamics (log2 scale) of the
top-ranked transcription factors listed in (C) and
other key genes (shaded) in Wnt3+/+ and Wnt3/
EpiLCaggregates stimulated as indicated for 36 hr.
See also Figure S1.
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T Specifies Mouse Germ Cell FateS1A). Consistent with previous reports (Arnold et al., 2000;
Barrow et al., 2007; Brugger et al., 2004; Fujimura et al., 2007;
Tamashiro et al., 2012; Yamaguchi et al., 1999), among these
genes, T, Sp5, Eomes, Nkx1-2, and Mrg1 were considered to
be targets of the WNT3 signaling, since they were upregulated
by WNT3A alone both in Wnt3+/+ and Wnt3/ EpiLC aggre-
gates, whereas Msx2 appeared to depend more on the BMP4
signaling for its activation and was a likely target for the BMP4
signaling.Developmental Cell 27, 516–529,We investigated the expression of
these genes during PGC specification
by reexamining our single-cell cDNA
microarray data for PGC specification
(Kurimoto et al., 2008). T is expressed in
pregastrulating proximal epiblast cells,
presumably prior to the onset of Blimp1
expression, at E6.25 (prestreak stage)
and continues to be expressed at high
levels in Blimp1-positive cells during
PGC specification from E6.5 to E7.25
(from the early-streak [ES] stage to the
early allantoic bud [EB] stage) (Fig-
ure S1B). Consistent with previous ana-
lyses (Herrmann, 1991; Inman and
Downs, 2006b; Rivera-Pe´rez and Magnu-
son, 2005), however, T is also expressed
at high levels in Blimp1-negative,
Hoxb1-positive somatic mesodermal
cells at E7.25 (Figure S1B). Evx1 showedan expression profile similar to that of T, whereas Eomes
exhibited high expression in PGC precursors but was acutely
downregulated in Hox-negative/low established PGCs at E6.75
and E7.25 (Figure S1B). Genes such as Mrg1, Msx2, Sp5, and
Sp8 also showed an expression profile similar to that of T, but
their expression in Blimp1-positive cell populations was some-
what more inconsistent. Notably, in line with the in vitro obser-
vation (Figure 4A), while the levels of Blimp1 increased gradually
from E6.25 to E7.25, those of Prdm14 were upregulatedDecember 9, 2013 ª2013 Elsevier Inc. 521
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Figure 5. Impaired PGC Specification in T mutants
(A) BV (green) expression in T+/+ and T137/137 embryos at the ES stage (E6.5) (sagittal confocal section, anterior to the left). DAPI (white) staining and merged
images are shown. Arrowheads indicate BV expression in PGC precursors. Scale bar, 100 mm.
(B) BV (green) and BLIMP1 (red) expression in T+/+ and T137/137 embryos at the LS/0B stage (E7.0) (sagittal confocal section of a posterior part). DAPI (white)
staining and merged images are shown. Scale bar, 50 mm.
(C) BV (green) and TFAP2C (red) expression in T+/+ and T137/137 embryos at the LB/EHF stage (E7.5) (coronal confocal section, posterior view). DAPI (white)
staining and merged images are shown. Scale bar, 100 mm.
(D) P14V (green) expression in T+/+ and T137/137 embryos at theMS stage (E6.75) (sagittal confocal section, anterior to the left). DAPI (white) staining andmerged
images are shown. An arrowhead indicates P14V expression in PGC precursors. Scale bar, 100 mm.
(E) BV (green) and PRDM14 (red) expression in T+/+ and T137/137 embryos at the EB stage (E7.5) (coronal confocal section, posterior view). DAPI (white) staining
and merged images are shown. Scale bar, 50 mm.
(F) BV induction in T+/+ and T137/137 EpiLC aggregates stimulated as indicated for 36 hr. The numbers of BV(+) EpiLC aggregates/analyzed aggregates were
shown in BV panels. Scale bar, 100 mm.
(legend continued on next page)
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T Specifies Mouse Germ Cell Faterelatively acutely after E6.75 (Figure S1B). On the basis of
these observations and also because it was ranked at the
top of the screening, we decided to focus our subsequent anal-
ysis on T.
T Is Essential for PGC Specification
T is the founding member of a family of evolutionarily conserved
transcriptional regulators bearing a common DNA-binding
domain known as the T-box (Herrmann et al., 1990; Naiche
et al., 2005). T starts to be expressed in the extraembryonic
ectoderm and in the proximal posterior epiblasts prior to gastru-
lation and continues to be expressed in the primitive streak
during gastrulation (Herrmann, 1991; Inman and Downs,
2006b; Rivera-Pe´rez and Magnuson, 2005), and it is required
for the proper specification of the mesodermal identity, including
the migratory capacity, of gastrulating epiblast cells (Abe et al.,
2000; Chesley, 1935; Gluecksohn-Schoenheimer, 1944; Inman
and Downs, 2006a; Wilson et al., 1995; Yanagisawa et al.,
1981): Consequently, T/ embryos show a loss of the posterior
mesoderm, and impaired notochord and allantois development,
leading to embryonic lethality at around E10.5. However, it is
unknown whether T has any role in PGC specification.
To investigate the function of T in PGC specification, we exam-
ined the BV expression in T137/137 embryos (the T137 allele specif-
ically disrupts T by a transgene insertion) (Abe et al., 2000). At the
ES stage (E6.25–E6.5), BV: T137/137 embryos exhibited BV in
the most proximal posterior epiblast cells/PGC precursors in a
manner similar to that in T+/+ embryos (Figure 5A), indicating
that T is not essential for the initial expression of Blimp1 in
PGC precursors. However, at the late-streak (LS)/no allantoic
bud (0B) stages (E7.0) and at the late allantoic bud (LB)/early
head fold (EHF) stages (E7.5), the BV expression in the pre-
sumptive PGC precursors in T137/137 embryos looked weaker
than that in T+/+ embryos (Figure S2A), and immunofluorescence
confocal microscopic analysis revealed that, while T+/+ embryos
exhibited robust BLIMP1 protein expression in BV strongly pos-
itive cells, T137/137 embryos showed lower BV and did not bear
cells positive for BLIMP1 protein (Figure 5B). At the LB/EHF
stages, T+/+ embryos exhibited many (50) BV strongly positive
PGCs that initiatedmigration and expressed TFAP2C, a key tran-
scriptional regulator for PGC specification upregulated by
BLIMP1 and PRDM14 (Nakaki et al., 2013; Weber et al., 2010),
whereas T137/137 embryos showed a cluster of BV weakly posi-
tive cells with no sharp boundary around the base of the poorly
developing allantoic buds, and these cells expressed no or
barely detectable TFAP2C (Figure 5C). These findings indicate
that T plays a critical role in the strong upregulation of Blimp1
in PGC precursors/PGCs beginning around the LS stage as
well as in the concomitant Tfap2c expression.
We generated T137/+ mice bearing the Prdm14-mVenus (P14V)
transgenes (Yamaji et al., 2008, 2013) and examined whether
Prdm14 is expressed in T137/137 embryos. While we detected
P14V in presumptive PGC precursors in T+/+ and T137/+ embryos
at the ES/midstreak (MS) stages (E6.5–E6.75), strikingly, we(G) Left: FACS analysis of BV induction in T+/+ and T137/137 EpiLC aggregates stimu
of the expression levels of Blimp1 and Prdm14 in BV-positive cells in T+/+ and T13
average Ct values of Arbp and Ppia are shown with SDs (log2 scale, the mean va
See also Figures S2 and S6.
Developmfound no P14V in T137/137 embryos (Figures 5D and S2C). In addi-
tion, we did not detect P14V in T137/137 embryos at the later early/
midallantoic bud (E/MB) stage (E7.5) (Figures S2B and S2C)
and found that weak BV-positive cells around the base of the
presumptive allantois in T137/137 embryos showed no PRDM14
protein (Figure 5E), demonstrating that T is essential for
Prdm14 expression in PGC precursors.
To further explore the requirement of T for Blimp1 and Prdm14
expression, we derived T+/+ and T137/137 ESCs bearing the BV
transgenes. We induced these ESCs into EpiLCs and generated
floating aggregates with BMP4. Consistent with the observation
in vivo, both BV: T+/+ and T137/137 EpiLC aggregates exhibited BV
in response to BMP4, yet the BV: T137/137 aggregates showed
weaker BV, which was also confirmed by the fluorescence-
activated cell sorting (FACS) analysis (Figures 5F and 5G).
qPCR revealed that BV-positive T137/137 cells showed a lower
level of Blimp1 and, notably, a much reduced (almost back-
ground) level of Prdm14 (Figure 5G). We conclude that T plays
a primary function for the expression of Blimp1 and Prdm14 in
PGC precursors and, thus, is essential for PGC specification.
T Is Sufficient for PGC Specification as a Downstream
Effector of WNT3
We next determined whether, downstream of WNT3, T may be
sufficient to activate Blimp1 and Prdm14. We established BV:
Wnt3/ ESCs expressing T fused with the ligand-binding
domain of GR (BV: Wnt3/: T-GR ESCs), induced them into
EpiLCs, and generated floating aggregates with or without
cytokines/Dex (we confirmed that T-GR rescues the T137/137
phenotype [Figure S2D]). The BV: Wnt3/: T-GR aggregates
did not express BV in response to BMP4 or WNT3A at 36 hr
but exhibited BV in response to BMP4 and WNT3A and, more
importantly, to BMP4 and Dex at 36 hr (Figure 6A; Figure S3A),
indicating that T is sufficient to activate BV without WNT3
signaling. Most notably, the BV: Wnt3–/–: T-GR EpiLC aggre-
gates robustly activated BV, without BMP4, in response to Dex
alone at 36 hr (Figures 6A and S3A), indicating that BV activation
by T, unlike that by b-CATENIN, does not require parallel BMP4
signaling. qPCR analyses revealed that T-GR EpiLCs upregu-
lated Blimp1 and Prdm14 in response to Dex alone and that
BMP4, but not WNT3A, enhances the activation of Blimp1 and
Prdm14 by T-GR (Figures 6B and S3B).
We looked at the levels of activation of Blimp1 and Prdm14 by
T-GR and by ca-b-CATENIN-GR at 18 hr after stimulation by
Dex/cytokines. T-GR had already induced high-level expression
of Blimp1 and Prdm14 at 18 hr after stimulation by Dex and by
BMP4/Dex, whereas activation of ca-b-CATENIN-GR by
BMP4/Dex did not lead to the upregulation of these genes at
this time point (Figure S3C). These finding are consistent with a
sequence of events in which the BMP4/WNT3 signaling leads
to activation of b-CATENIN, which upregulates T, which in turn
activates Blimp1 and Prdm14. We also found that genes specific
to PGCs, such as Tfap2c, Dnd1, stella, and Tdrd5, were upregu-
lated by T-GR, whereas genes such as Hoxa1 and Hoxb1 werelated as indicated for 36 hr. Merged data are also shown. Right: qPCR analysis
7/137 EpiLC aggregates stimulated by BMP4 for 36 hr. The DCt values from the
lue of two independent experiments with two technical replicates).
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Figure 6. T Directly Activates Blimp1 and Prdm14
(A) BV induction in BV:Wnt3/: T-GR EpiLC aggregates stimulated as indicated for 36 hr. The numbers of BV(+) EpiLC aggregates/analyzed aggregates were
shown in BV panels. Scale bar, 100 mm.
(B) qPCR analysis of the expression levels of Blimp1 and Prdm14 in BV:Wnt3/: T-GR EpiLC aggregates stimulated as indicated for 36 hr. The DCt values from
the average Ct values of Arbp and Ppia are shown with SDs (log2 scale, the mean value of two independent experiments with two technical replicates).
(legend continued on next page)
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T Specifies Mouse Germ Cell Fatenot, and the genes encoding the de novo DNA methyltrans-
ferases,Dnmt3a andDnmt3b, were downregulated (Figure S3D).
Collectively, we conclude that T is a downstream effector of
WNT3 signaling sufficient for PGC specification.
T Directly Targets Blimp1 and Prdm14
We have shown that the BMP4/WNT3 signaling initially activates
Blimp1 at a low level in a T-independent fashion, and then T
activates both Blimp1 and Prdm14 robustly. To gain insight
into the mechanism by which the BMP4/WNT3 signaling and T
activate Blimp1 and Prdm14, we performed chromatin immuno-
precipitation followed by massively parallel sequencing (ChIP-
seq) to identify the genome-wide targets for SMAD1, TCF1
(a transcription factor that mediates the transcriptional activation
by b-CATENIN [MacDonald et al., 2009; van de Wetering et al.,
1997] and is expressed in PGC precursors and PGCs
[Figure S4C]), and T in wild-type EpiLCs bearing BV or P14V
transgenes at various time points after stimulation by BMP4 (Fig-
ure S4A). Since the BV and P14V transgenes bearing Blimp1 and
Prdm14 regulatory elements, respectively, were integrated at
multiple copies (Ohinata et al., 2008; Yamaji et al., 2008), the
ChIP-seq reads on these transgenes are expected to be highly
enhanced. Although we successfully detected robust ChIP-seq
peaks for SMAD1 and TCF1 around their known targets (e.g.,
Id1-3 and Msx2 for SMAD1; T, Axin2, Sp5, and Evx1 for TCF1)
(Figures S4B and S4D, and references therein), we did not find
clear peaks for these proteins around the Blimp1 and Prdm14
gene loci, despite their high copy numbers conferred by the
transgenes. These findings suggest that Blimp1 and Prdm14
may not be the direct targets of the BMP4/WNT3 signaling,
and the weak, initial activation of Blimp1 by the BMP4/WNT3
signaling may be a secondary effect of the signaling. In contrast,
for the T binding, we found a sharp peak around 10 kilobases
(kb) upstream of Blimp1 and several peaks around Prdm14
(5 kb upstream, 40 kb and 80 kb downstream), as well as
around known targets (e.g., Mesp1 and Fgf8 [David et al.,
2011; Evans et al., 2012]) for T (Figure 6C). We confirmed the
bindings of T around the peaks detected by ChIP-seq by ChIP-
qPCR (Figure 6D).
We then examined, by a luciferase transcription reporter
assay, whether the sequences bound by T around Blimp1 and
Prdm14 can mediate transcriptional activation by T. The 200
base pair (bp) sequence around the T-binding peak containing
a putative T-binding site (TGACACTT) 10 kb upstream of
Blimp1—but not a control sequence with no T binding—
exhibited strong transcriptional activation activity in a T-depen-
dent fashion in HEK293T cells (Figure 6E). Similarly, all the
200 bp sequences in the three T-binding peaks around
Prdm14, especially that40 kb downstream of Prdm14, showed
strong transcriptional activation activities in a T-dependent(C) ChIP-seq tracks of T-binding sites (in red; input is in gray) around Blimp1,
downstream; PC, positive control in (D); NC, negative control in (D).
(D) ChIP-qPCR for the enrichment of T on the regions indicated in (C). The enrich
with two technical replicates).
(E) Transcriptional activation by T of luciferase reporters bearing T-binding elemen
in the presence or absence of LDN193189, which inhibits activin receptor-like k
against mock transfectants are shown with SDs (three independent experiments
See also Figures S3 and S4.
Developmfashion (Figure 6E). Unlike the SMAD1-binding sequence
upstream of Id1, which exhibited transcriptional activation
dependent on the BMP4 signal (Figure S4E), the transcriptional
activation of all the T-binding sequences was independent of
the BMP4 signal (Figure 6E). These findings demonstrate that T
directly activates Blimp1 and Prdm14 through binding to their
transcription regulatory elements.
Preexposure to WNT Prevents T from Activating
Germline Determinants
One remaining finding that requires clarification is that, while T
itself directly activates Blimp1 and Prdm14 in EpiLC aggregates
without BMP4 and WNT signaling (Figure 6A), WNT3A or ca-
b-CATENIN-GR, both of which robustly activate T rapidly (Fig-
ure 4D), do not activate Blimp1 and Prdm14 without BMP4
signaling (Figures 3D and 3E). This finding is consistent with
the fact that, while T shows relatively widespread expression in
the primitive streak and the posterior mesoderm (Herrmann,
1991; Inman and Downs, 2006b; Rivera-Pe´rez and Magnuson,
2005), only cells located at the most proximal region, which
receive a high dose of BMP4 signaling, acquire Blimp1 and
Prdm14 expression (Ohinata et al., 2005; Yamaji et al., 2008).
We therefore speculate that WNT3A or ca-b-CATENIN-GR acti-
vates T and a number of other genes, some of which have an
inhibitory effect on the activation of Blimp1 and Prdm14 by T,
and that BMP4 signaling functions at least in part by repressing
the upregulation by WNT3 of these potential inhibitors.
To validate this idea, we examined whether preexposure
of EpiLCs to WNT signaling inhibits T-GR to activate Blimp1
and Prdm14. We induced BV:Wnt3/: T-GR ESCs into EpiLCs
and exposed BV: Wnt3/: T-GR EpiLC aggregates to WNT3A
for 0, 6, and 12 hr prior to T-GR activation by Dex. We found
that the longer the exposure to WNT3A, the weaker the BV
induction after 36 hr of T-GR activation by Dex (Figures 7A
and 7B). These findings demonstrate that T does not activate
Blimp1 and Prdm14 in the presence of other WNT targets and
suggest that one of the key functions of BMP4 for PGC specifi-
cation is to create a permissive environment, by regulating
WNT signaling outputs, for T to directly activate Blimp1 and
Prdm14 (Figure 7C).
DISCUSSION
The PGCs in mice are specified in the extraembryonic meso-
derm and transiently acquire genes associated with somatic
mesoderm development (Kurimoto et al., 2008; Saitou et al.,
2002; Yabuta et al., 2006). It has been considered that the meso-
dermal program in PGCsmay be a redundant byproduct associ-
ated with gastrulation, since a majority of mesodermal genes are
eventually repressed in PGCs (Kurimoto et al., 2008). ThePrdm14, Mesp1, and Fgf8. RPM, reads per million reads; U, upstream; D,
ment is indicated by the percent input with SDs (two independent experiments
ts (TBEs) or non-TBEs around the Blimp1 (right) and Prdm14 (left) shown in (C),
inase 2/3 for BMP4 signaling. Relative luciferase activities of T transfectants
with three technical replicates).
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Figure 7. Preexposure toWNT Inhibits T to Activate Germline Deter-
minants
(A) BV induction by Dex in BV: Wnt3/: T-GR EpiLC aggregates precultured
with or without WNT3A for 0 hr, 6 hr, and 12 hr. The numbers of BV(+) EpiLC
aggregates/analyzed aggregateswere shown in BV panels. Scale bar, 100 mm.
(B) qPCR analysis of the expression levels of Blimp1 and Prdm14 in BV:
Wnt3/: T-GR EpiLC aggregates precultured with or without WNT3A for 12 hr
and stimulated by no cytokine or Dex. Expression levels ofBlimp1 andPrdm14
in response to BMP4 and WNT3A are shown as controls. The DCt values from
the average Ct values of Arbp and Ppia are shown with SDs (log2 scale, the
mean value of two independent experiments with two technical replicates).
(C) Model detailing the role of BMP4 signaling, WNT3 signaling, and T in PGC
specification.
See also Figures S5 and S6.
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to PGCs, since Blimp1/ cells that fail to repress the meso-
dermal genes consequently acquire a global transcriptional
profile similar to their somatic mesodermal neighbors (Kurimoto
et al., 2008). Our recent study has shown that forced expression
of Blimp1, Prdm14, and Tfap2c in EpiLCs generates a PGC-like
state with the capacity for spermatogenesis by bypassing the
activation of a mesodermal program, indicating that the meso-
dermal program is dispensable for the function of PGCs when
key transcription factors are supplied exogenously (Nakaki
et al., 2013). The present work demonstrating an essential role
of T, a classical mesodermal factor, in direct activation of the
germline determinants therefore sheds light on the mechanism
of PGC specification.
BMP4 has been regarded as a primary instructive signal for the
direct activation of Blimp1 and Prdm14 and, hence, for PGC
specification (Lawson et al., 1999; Ohinata et al., 2009; Saitou
et al., 2002). The evidence we have here provided reveals a
more sophisticated program: the BMP4 signaling directly or indi-
rectly activatesWnt3 (Figure S4B) (Ben-Haim et al., 2006) and, at
the same time, creates an appropriate context for PGC specifi-
cation; and under this condition, T activated by WNT3, directly
activates Blimp1 and Prdm14 for PGC specification (Figure 7C).
There would be at least two possibilities for the ‘‘appropriate
context’’ created by BMP4. First, BMP4 may repress a number
of WNT targets that have an inhibitory effect on the activation
of Blimp1 and Prdm14 by T. We identified genes whose upregu-
lation by WNT3A is inhibited by BMP4, which include key
markers for the anterior primitive streak such as Foxa2, Gsc,
and Chd (Figures S5A–S5C) (Pfister et al., 2007) and the Hox
genes such as Hoxa1 and Hoxb1 (Figures 4D and S5A–S5C).
Notably, markers for the anterior primitive streak appear to be
activated directly by T itself, and their activation by T is also
repressed by BMP4 (Figure S5D). Therefore, the BMP4 signaling
may inhibit anteriorization by the WNT3 signaling—an inhibitory
action partly mediated by T itself—in addition to moderating
the Hox gene expression, thereby creating a permissive environ-
ment for T to activate the germline determinants (Figure 7C). The
Hox gene expression during PGC specification is consistent with
this possibility (Figure S1B) (Kurimoto et al., 2008). Second,
BMP4 may turn on a factor that activates Blimp1 and Prdm14
together with T. This idea is supported by the observation that
BMP4 enhances activation of Blimp1 and Prdm14 by T in the
absence of WNT (Figures 6A and 6B). These two possibilities
are not mutually exclusive, and the clarification of a more precise
mechanism of action of BMP4 for PGC specification will require
further experiments.
We found that T mutant embryos or EpiLCs stimulated by
BMP4 still show a relatively weak activation of Blimp1/BV,
although they fail to express Prdm14 and do not form PGCs.
We did not detect clear SMAD1 or TCF1 bindings around
Blimp1, and the mechanism underlying initial Blimp1 activation
in T mutants is unclear. Since both BMP4 and WNT3 signaling
are required for the initial activation of Blimp1, the activation
mechanism may also be mediated through a downstream
effector (or effectors) of BMP4 or WNT3 signaling. A candidate
may be Eomes, since Eomes encodes a T-box-containing tran-
scriptional regulator (Naiche et al., 2005; Ryan et al., 1996) and
is expressed at a high level in Blimp1-positive PGC precursorsier Inc.
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that forced expression of EOMES in EpiLC aggregates activates
Blimp1, but not Prdm14, at a weak level (Figure S6). In this
context, it would be of interest to examine the expression of
Blimp1 in embryos deficient for Eomes (the knockout of Eomes
in the embryo proper leads to impaired mesoderm formation
[Arnold et al., 2008; Russ et al., 2000], but whether PGCs are nor-
mally formed or not has not been examined) or other relevant
mesodermal factors.
Germ cell specification in metazoans occurs either through
preformation or epigenesis. The mechanism of germ cell speci-
fication in the epigenesis mode has been extensively studied in
mice (Saitou and Yamaji, 2012) but has not been well described
at themolecular level in other species. However, it has long been
known that PGCs in urodele amphibians arise in the lateral plate
mesoderm in response to inductive signals from the ventral
endoderm (Nieuwkoop, 1947). Also, it has recently been shown
that in a basally branching insect, the cricket Gryllus bimacula-
tus, PGCs arise from the abdominal mesoderm and PGC spec-
ification requires twist, a highly conserved gene for mesoderm
development (Ewen-Campen et al., 2013). Indeed, in many
species using epigenesis for germ cell specification, PGCs
appear to arise from pluripotent mesodermal precursors (Exta-
vour and Akam, 2003; Johnson et al., 2011). Thus, the finding
that the induction, via BMP4/WNT3 signaling, of many meso-
dermal transcriptional regulators precedes expression of Blimp1
and Prdm14, and the identification of T, a classical and highly
conserved mesodermal factor, as an essential and a direct
upstream regulator for germline determinants in mice not only
unveil a key missing link between the BMP4/WNT3 signaling
and the germline determinants in mice, but also provide funda-
mental insights into the mechanism of germline segregation
from a broader evolutionary viewpoint. These findings should
also help in clarifying the mechanism of, and in reconstituting
in vitro, the germ cell specification in humans.
EXPERIMENTAL PROCEDURES
All the animal experiments were performed under the ethical guidelines of
Kyoto University. The experimental procedures for animals, isolation of
embryos, and culture of epiblasts, vector construction, generation of BV:
Wnt3/: ca-b-CATENIN-GR and BV: Wnt3/: T-GR ESCs, dual-glow lucif-
erase assay, FACS analysis, immunofluorescence analysis and western blot
analysis, and primer sequences used in this study and information regarding
the validation of antibodies are available in the Supplemental Experimental
Procedures.
ESC Derivation and Culture
Derivation ofWnt3/, b-Catenin/, and T137/137 ESCs bearing the BV trans-
genes under the 2i + LIF condition was performed essentially as described pre-
viously (Hayashi et al., 2011; Ying et al., 2008). Blastocysts from heterozygous
mutant females mated with heterozygous mutant males were flushed out from
the uterus at E3.5 and cultured in a well of a 96-well plate in N2B27 medium
with 2i (PD0325901, 0.4 mM: BioVision; CHIR99021, 3 mM: BioVision) and LIF
(1,000 U/ml) on mouse embryonic fibroblasts (MEFs). After 5 to 10 days, the
expanded inner cell mass was dissociated with TrypLE Express (Invitrogen),
before transfer onto a new feeder layer. The ESCs were cultivated and propa-
gated on MEFs until passage 4, followed by cryopreservation in Cell Banker 3
solution (ZENOAQ). Frozen male ESCs in a cryotube were thawed in a 37C
water bath, cultured, andmaintained on a dish coated with 0.01% poly-L-orni-
thine (Sigma) and laminin (10 ng/ml; BD Biosciences) under a feeder-free
condition.DevelopmInduction and Cytokine Stimulation of EpiLCs
ESCs were induced into EpiLCs as described previously (Hayashi et al., 2011).
ESCs (1 3 105) were cultured in a well of a 12-well plate coated with human
plasma fibronectin (Merck Millipore) (16.7 mg/ml) in N2B27 medium containing
activin A (20 ng/ml; Peprotech), bFGF (12 ng/ml; Invitrogen), and KSR (1%).
The medium was changed 24 hr later, and the cells were cultured for another
24 hr. The resultant EpiLCs were then cultured under a floating condition by
plating 2 3 103 cells in a well of a lipidure-coated U-bottom 96-well plate
(Thermo Scientific) in GK15 + LIF medium in the presence or absence of the
cytokines (BMP4 [500 ng/ml], WNT3A [50 ng/ml]). For activation of the ca-
b-CATENIN-GR or T-GR fusion protein, 100 mM Dex (Sigma) was added to
the medium.
qPCR and Microarray Analysis
Total RNAs from the EpiLCs, whole EpiLC aggregates, and sorted BV-positive
cells were extracted and purified using an RNeasy Micro Kit (QIAGEN) and
were reverse transcribed using Superscript III (Invitrogen). The first-strand
cDNAs were used for qPCR analysis with an ABI 7300 Real-Time PCR System
(Applied Biosystems [ABI]/Life Technologies) using Power SYBR Green (ABI).
The primer sequences used are listed in the Supplemental Information.
Formicroarray analysis, total RNAswere extracted fromwhole EpiLC aggre-
gates cultured under a designated condition for a designated period and
purified using an RNeasy Micro Kit. cDNA synthesis and amplification were
then performed according to the methods described elsewhere (Hayashi
et al., 2011; Kurimoto et al., 2006; Yabuta et al., 2011). Biotin-conjugated
cRNAs were synthesized, and hybridization to the Mouse Genome 430.2
GeneChip microarray (Affymetrix) was performed according to the manufac-
turer’s instructions. The normalization of CEL data was performed using the
dChip software (Li and Wong, 2001) with the invariant set mode. The microar-
ray data set has been deposited at the National Center for Biotechnology In-
formation Gene Expression Omnibus (NCBI GEO) under accession number
GSE49689.
ChIP-Seq and ChIP-qPCR Analysis
The preparation of ChIP DNA was performed essentially as described previ-
ously (Yamaji et al., 2013). Whole EpiLC aggregates (equivalent to 1 3 106
cells) were trypsinized, washed, and collected by centrifugation. For crosslink-
ing, the pellet was resuspended in PBS containing 1% formaldehyde, incu-
bated for 10 min, and quenched with 125 mM glycine. The fixed cells were
resuspended in 1 ml of cold lysis buffer 1 (20 mM Tris, 10 mM NaCl, 2.5 mM
MgCl2, 0.2% NP-40, and 1 mM phenylmethylsulfonyl fluoride [PMSF],
pH 7.5), rotated for 10 min at 4C, and pelleted by centrifugation at 1,500 3
g for 5 min. The pellet was resuspended in 1 ml of lysis buffer 2 (20 mM Tris,
200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, and 1 mM PMSF [pH 8.0]) and
rotated for 10 min at 4C. The nuclei were pelleted by centrifugation at
1,500 3 g for 5 min at 4C and lysed in 400 ml of lysis buffer 3 (20 mM Tris,
150 mMNaCl, 1 mM EDTA, 0.5 mM EGTA, 1% Triton X-100, 0.1% sodium de-
oxycholate, 0.1% SDS, 1 mM PMSF). The lysed nuclei were sonicated using a
Bioruptor with high power output for 10 cycles (30 s ON and 60 s OFF at 4C).
Protein-DNA complexes were immunoprecipitated for 15 hr at 4C using 4 mg
of antibodies bound to 50 ml of Dynabeads Protein G (Invitrogen). Immunopre-
cipitates were sequentially washed with 200 ml each of low salt buffer (0.1%
SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris, and 150 mM NaCl
[pH 8.0]), high salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM
Tris, and 500 mM NaCl [pH 8.0]), RIPA buffer (50 mM HEPES-KOH, 0.5 M
LiCl, 1 mM EDTA, 0.5% Na-Deoxycholate, and 1% NP-40 [pH 7.4]), and TE
buffer (10 mM Tris and 10 mM EDTA [pH 8.0]). For collection of the protein-
DNA complexes, beads were resuspended with 50 ml of elution buffer
(100 mM NaHCO3, 1% SDS, and 10 mM dithiothreitol). The crosslink for
both the immunoprecipitated and input DNA fragments was reversed by incu-
bating at 65C for 6 hr. After Proteinase K digestion, the DNA was purified by
using a PCR purification kit (QIAGEN) and dissolved with TE buffer. ChIP-
qPCR was performed by using a CFX384 Real-Time PCR Detection System
(BioRad). The primer sequences used are listed in the Supplemental Experi-
mental Procedures.
For massively parallel sequencing, DNA from whole cell extracts and ChIP
fractions was sheared to an average size of approximately 150 bp by ultraso-
nication (Covaris). Sonicated DNA fragments were end-repaired, ligated toental Cell 27, 516–529, December 9, 2013 ª2013 Elsevier Inc. 527
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T Specifies Mouse Germ Cell Fatesequencing adapters, and amplified according to the manufacturer’s
instructions (Applied Biosystems SOLiD Library Preparation Protocol). For
the ChIP-sequence, amplified DNA of between 200 and 350 bp, purified using
an Agencourt AMPureXP Kit, was sequenced on a Life Technologies SOLiD
5500xl platform (Life Technologies) to generate single-end 50 bp reads
with minor modifications using Bowtie-0.12.8 (Langmead et al., 2009) with
‘‘-n 3 -m 1’’ options. Mapped reads were directionally extended to 250 bp,
an approximate fragment size of ChIP samples. Data were visualized using
IGV software (Thorvaldsdo´ttir et al., 2013).
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